A solid-phase extraction, chemical derivatization, and gas chromatography/mass spectrometry (GC/MS) method has been developed for the determination of trace 3,3′-dichlorobenzidine (DCB) in industrial wastewater samples. Instead of an octadecylsilane (ODS) cartridge, a Porapak RDX cartridge was used since the latter could be optimized for the extraction of DCB. After the pre-concentration, interfering coextractives in the sample were selectively removed from the cartridge by elution with a 1:1 mixture of acetonitrile and water. DCB was then eluted with acetonitrile and derivatized with pentafluoropropionic acid anhydride. The product was subsequently analyzed by GC/MS in either the electron impact or negative ion chemical ionization mode. Recoveries of DCB and the surrogate, DCB-d6, were better than 90% at spiking levels of 10, 1, and 0.1 µg/L. Based on a concentration factor of 100, the detection limits for DCB in wastewater samples were determined to be 0.1 µg/L by electron impact GC/MS detection, and 0.01 µg/L by negative ion chemical ionization GC/MS detection, respectively. This method has been successfully applied to wastewater samples collected in the Toronto area.
Introduction
3,3′-Dichlorobenzidine (DCB) and its dihydrochloride salt are used in the United States and Canada in the manufacture of azo dyes and a series of diarylide pigments such as Pigment Yellows 12, 13, 14, 17, 34, 55, and 83 (Spectrum Laboratories 2001) . These yellow pigments are often used in printing inks, at concentrations varying from 2 to 20%, and for the colouration of plastics, rubber products, and other paints. Diarylide pigments exhibit a number of properties that make them superior, in their applications, to other similarly coloured pigments. They can be used as substitutes for the lead chromate pigments. However, DCB is a toxic and carcinogenic compound (Law 1995) . In controlled studies with laboratory animals, DCB has been associated with the increased incidence in tumours in the bladder and the urinary tract. According to studies conducted by the U.S. Environmental Protection Agency (U.S. EPA)'s Health and Environmental Assessment, DCB is carcinogenic to rodents and is probably carcinogenic to humans as well. It has also been reported as a skin irritant and may cause other allergic reactions.
DCB may be released into the environment through the following avenues. It is emitted in the form of vapour to the atmosphere, or discharged in the form of wastewater into municipal sanitary sewer systems during its production, or in its use as an intermediate in dye manufacturing. It can also be lost to landfills through waste disposal practices. Since many finished diarylide pigments are contaminated by DCB as a by-product, DCB can also be released into the environment after they are sold. According to the Toxics Release Inventory of the U.S. EPA, the total estimated on-and off-site releases of DCB and its dihydrochloride salt by the U.S. industries were 21,700 kg in 1999, which represents a huge decrease from nearly 100,000 kg in 1988 (U.S. Environmental Protection Agency 2001). However, relatively little information regarding the environmental occurrence and levels of DCB is available.
DCB can be isolated from aqueous samples by liquid-liquid extraction with DCM after the pH has been adjusted to 8.5 (Brumley and Brownrigg 1994) . More recently, the pre-concentration step was mainly carried out by solid-phase extraction (SPE) employing various stationary phases such as ODS, Porapak RDX, and others (Lacorte et al. 1999) . A variety of methods, including HPLC with electrochemical detection (U.S. Environmental Protection Agency 1984; Vera-Avila et al. 2001) , HPLC with APCI mass spectrometry (Lacorte et al. 1999) , HPLC with micellar electrokinetic chromatography and UV detection (Brumley and Brownrigg 1994) , as well as GC/MS after chemical derivatization (Onuska et al. 2000) , have been used in the final analysis of DCB. Detection limits (mostly based on spiked distilled water samples) between 20 and 0.05 µg/L have been quoted. While dichlorobenzidine has been identified in the dissolved phase of river waters collected in Barcelona, Spain (Grifoll et al. 1992 ), none of the above publications have reported the concentration of DCB in environmental samples except for one case (Onuska et al. 2000) .
Due to its reported toxicity, mutagenicity, and possible carcinogenicity, DCB is a U.S. EPA priority pollutant. In Canada, it has also been placed on the Priority Substances List 1 and was declared toxic under the Canadian Environmental Protection Act (CEPA). As a result, strict life-cycle management is required for the import, manufacture, and use of DCB in order to prevent or minimize exposure to this chemical, and its release into the environment. The dihydrochloride salt of DCB is also a substance on the National Pollutant Release Inventory (NPRI). A Canadian facility must submit an NPRI report for the substances listed if it meets a certain set of criteria (Environment Canada 2000a) . Only one company in Canada imports DCB and/or its salt for uses in the manufacture of dyes and pigments. The total usage of DCB by this company varied from 139 to 225 tonnes for the years 1993 through 1999. In the past few years, DCB has been found in the wastewater samples collected from this company at levels between 2.6 and 654 µg/L (Onuska et al. 2000) . However, a search of the NPRI records for the years from 1994 to 1999 (Environment Canada 2000b) revealed no reports of on-site releases or transfers for the disposal and recycling of DCB by this company. In 2000, in the wastewater quality by-law enacted by the City of Toronto, the upper allowable limit for DCB in the combined sewage has been set to 2 µg/L (City of Toronto 2000). The purpose of this work is to develop a simple yet sensitive and specific analytical method for the determination of DCB in wastewaters at low µg/L levels.
Experimental

Chemicals and Materials
DCB was purchased from Supelco, Ltd. (Oakville, Ont.). DCB-d6 (ring d6) was a product of Cambridge Isotope Laboratories, Inc. (Andover, Mass.). Pentafluoropropionic acid anhydride (PFPA) was obtained from Aldrich Chemicals (Oakville, Ont.). Acetonitrile, dichloromethane (DCM), ethyl acetate, iso-octane, petroleum ether (b.p. 30-60°C), toluene, and other organic solvents were obtained from Burdick and Jackson (Muskegon, Wis.). Solid-phase extraction cartridges Porapak RDX (Sep-Pak Vac 6 mL, 500 mg, Part No.WAT047220) and ENVI-18 (3 mL, 500 mg, Part No. 57063) were products of Waters (Mississauga, Ont.) and Supelco Ltd., respectively.
Stock solutions of DCB (at 1000 µg/mL in acetonitrile) and DCB-d6 (at 200 µg/mL in toluene) were prepared separately. Working solutions of these two chemicals were prepared by dilution of their stock solutions with acetonitrile. All stock and working solutions were stored at -20°C in the dark in test tubes with screw caps.
Sample Collection
Wastewater samples (2-4 L composites over a 24-h period), representative of the everyday industrial activities at each facility, were collected using automated samplers during the weekdays (see Lee and Peart [2000] for further details). After collection, a 1-L aliquot of the sample was placed in an amber bottle, kept at 4°C in the dark, and extracted the next day. Where a longer storage time was required, 10 mL of a 37% formalin solution was added to each sample.
Extraction, Cleanup, and Derivatization
Wastewater samples were filtered through Whatman GF/C filter papers (47-mm diameter, 1.2-µm particle retention) using an all-glass filtration system. Celite was used as a filter aid if needed. To an aliquot of 100 mL of each sample placed in an Erlenmeyer flask, 50 µL of a DCB-d6 solution at 10 µg/mL and 1 mL of 1 N NaOH were added. After a complete mixing, the pH of the sample was checked to ensure that it was 11 or above. A Porapak RDX cartridge was conditioned by eluting it, in sequence, with 10 mL of DCM, 10 mL of acetonitrile, and 10 mL of 0.01 N NaOH solution. The sample was then applied to the cartridge by a siphoning tube using an SPE extraction manifold (Supelco Visiprep DL 5-7044). A flow rate of ca. 10 mL/min was maintained by a slight vacuum (-10 kPa).
After the entire sample has passed through the cartridge, the latter was rinsed with 5 mL of a 1:1 (v/v) mixture of acetonitrile and water and the rinsing was discarded. The cartridge was subsequently eluted with 10 mL of acetonitrile, and this fraction was evaporated to dryness using a gentle stream of nitrogen and a water bath at 50°C. The dry extract was reconstituted in 100 µL of ethyl acetate and was then reacted with 50 µL of PFPA at room temperature. After 20 min, 3-mL aliquots of petroleum ether followed by 1% (w/v) K2CO3 solution were added to the reaction products. The mixture was mixed with a vortex mixer, and the upper organic layer was removed and passed through an anhydrous sodium sulfate column prepared in a Pasteur pipette. The aqueous layer was extracted twice again with 3-mL aliquots of petroleum ether as before. Using nitrogen and a water bath at 40°C, the combined petroleum ether extract was evaporated and exchanged into 1 mL of iso-octane for GC/MS analysis.
Gas Chromatography/Mass Spectrometry
GC/MS analyses of DCB and DCB-d6 derivatives were carried out with a Hewlett-Packard 6890 gas chromatograph equipped with a 5973 Mass Selective Detector operating in both electron impact (EI) and negative ion chemical ionization (NCI) modes. A 30 m x 0.25 mm ID HP-5-MS column with a 0.25-µm film thickness was used for chro-matographic separation. GC conditions for the PFP derivatives were: initial oven temperature, 70°C; initial time, 1.0 min; programming rates, from 70°C to 160°C at 30°C/min, and then to 280°C at 10°C/min. A post-analysis baking at 280°C for 4 min was also applied to the column. The carrier gas (helium) flow rate was held constant at 1.0 mL/min with a linear velocity of 36.9 cm/s. Splitless injections (1 µL) were made by a Hewlett-Packard 7683 autosampler with a splitless time of 1 min.
Under EI conditions, the detector was tuned with perfluorotributylamine (PFTBA) using the autotune program. The electron energy was 70 eV and the electron multiplier was operating at 200 V above the autotune value with the high-energy dynode on. Temperatures for the MS source and quadrupole were 230°C and 150°C, respectively. Full-scan mass spectra were recorded from m/z 50 to 560. The following ions were used for quantitative selected ion monitoring (SIM) work on the PFP derivatives: m/z 544 and 509 (DCB) and m/z 550 and 515 (DCB-d6).
Fortified samples were quantitated, by an external standard method, against a derivatized standard containing the same amount of DCB as the spiked samples. Industrial wastewater samples were quantitated also by an external standard method using a 3-point standard curve (1000, 500, and 100 pg/µL). Sample extracts with DCB concentrations above 1000 pg/µL were diluted and rerun.
For samples with DCB concentrations below 0.1 µg/L, NCI detection was used. In this case, methane was the reagent gas and the ions of m/z 524 and 526 (DCB) and m/z 530 and 532 (DCB-d6) were used. Quantitation was again done by an external standard method using a 3-point standard curve (10, 5, and 1 pg/µL).
Results and Discussion
Chloroanilines react quantitatively with trifluoroacetic acid anhydride (TFAA) and pentafluoropropionic acid anhydride (PFPA) to form the respective amide derivatives as described in a previous publication (Lee 1988) . Under EI conditions, all aniline derivatives display strong and characteristic ions in either M + or (M-Cl) + . In general, TFAA is more reactive as it produces the amide derivatives in a shorter time than PFPA. However, for anilines with two or fewer chlorine atoms, the TFA derivatives are a few times less responsive to electroncapture detection than the PFP derivatives. This could be a potential disadvantage if low-level detection of DCB (with only one chlorine per aniline moiety) using NCI GC/MS is required. PFPA reacts readily and quantitatively, at room temperature, with DCB to produce the PFP derivative. In a timed study, the yields of the derivative in 15, 30, 60, and 120 min reactions were the same. A time of 20 min was used in all subsequent reactions. No degradation of the derivative was observed after a month when it was stored at -20°C in the dark. Compared to underivatized DCB, this product also has more desirable chromatographic properties as it is much less affected by active sites on the liner and the column.
The EI mass spectra for the PFP derivatives of DCB and its surrogate, DCB-d6 are depicted in Fig. 1A . Each fragment is also accompanied by a cluster of ions that are consistent with the isotopic pattern of the corresponding number of chlorine atoms. Similarly, the spectrum of the DCB-d6 derivative (Fig. 1B) displays intense ions at m/z 550, m/z 515 (base peak), and m/z 403 for the respective fragments. In contrast, under NCI conditions, the pseudo molecular ion (M-H) -for DCB-PFP (at m/z 543) was weak. However, its spectrum ( Fig. 2A) . It should be noted that the PFP derivatives of DCB and DCB-d6 almost co-eluted under the chromatographic conditions used. However, a close examination of the mass spectra in Fig. 1 and 2 indicates no cross interference in the Fig. 1 . Electron impact mass spectra of the DCB-PFP (A) and DCB-d6-PFP (B) derivatives. a b quantification of DCB in the sample extracts, if the ions specified in the Experimental section are used. Various sorbents have been employed for the solid phase extraction of DCB in aqueous samples (Lacorte et al. 1999) . Among them, octadecylsilane (ODS) modified silica, styrene-divinylbenzene copolymer, as well as polymeric divinylbenzene-vinylpyrrolidine resins such as the Porapak RDX, were more commonly used. In many cases, recoveries better than 90% for DCB in spiked aqueous samples have been reported. In this work, we have evaluated the extraction recovery of DCB by using ODS, a nearly universal adsorbent that we have used for many organic contaminants in water, and Porapak RDX SPE cartridges. As DCB is an aromatic amine (i.e., a base), its extraction from aqueous samples is expected to be more favourable if it is carried out at a higher pH. This hypothesis was supported by the results summarized in Table 1 , of which recoveries of DCB at pH levels of 3, 8.5, and 11 were tabulated. With the use of ODS cartridges, DCB recovery was low (<30%) at pH 3, although the recovery rate was greatly improved to ca. 85% at pH 8.5. These results suggested that extracts of industrial wastewater samples previously prepared under acidic extraction conditions could only be used for a semi-quantitative analysis of DCB in those samples. As ODS is not recommended for use at pH values much higher than 9, further recovery studies at higher pH levels were done with Porapak RDX. With the latter adsorbent, quantitative recovery of DCB was obtained from spiked water samples at pH 11 (Table 1) . For these reasons, all subsequent extractions were carried out at pH 11 using the Porapak RDX cartridges.
Porapak RDX was also very selective in the elution of DCB. The cartridge, after pre-concentration of the sample, could be eluted with 5 mL of a 1:1 mixture of acetonitrile and water, without losing any analyte. This pre-elution is a very effective cleanup step, particularly for the industrial wastewater samples from textile, dyeing, and pigment manufacturing companies, as it removes nearly all the colour pigments that may produce lower yields in the subsequent derivatization reaction and cause interference in the GC/MS analysis. The selectivity of the SPE, in this case, is undoubtedly an advantage over the solvent extraction technique. The elution of DCB from the cartridge was achieved by using 10 mL of acetonitrile. Attempts were also made to elute DCB from the RDX cartridge with 5 mL of acetonitrile, but the recovery rates were then reduced to ca. 72% in those trials. The small amount of water co-eluted in the sample extract was completely removed during the evaporation of acetonitrile. The dry residue could be conveniently redissolved in ethyl acetate and reacted with PFPA. 32 Lee et al. Under the experimental conditions, the recovery of DCB was better than 90% at fortification levels of 10, 1, and 0.1 µg/L (Table 1 ). The recovery of the surrogate, DCB-d6, was also better than 90%. Based on a concentration factor of 100, the method detection limit using GC/MS with electron impact detection was 0.1 µg/L. When negative ion chemical ionization GC/MS was used, a detection limit of 0.01 µg/L could be achieved.
This method has been applied to the determination of DCB in industrial wastewater samples collected in the Toronto area. As shown in Table 2 , DCB was always detected in the combined sewage collected from a dye manufacturing company (designated "A" in Table 2 ). Perhaps due to a more stringent pollution control program adopted by this company in recent years, the DCB levels in its discharge seem to have decreased from over 600 µg/L in 1996 to values as low as 1.6 µg/L in 2001. An EI/GC/MS/SIM chromatogram of the wastewater sample containing 1.6 µg/L DCB is depicted in Fig. 3A , as are the reconstructed ion chromatograms at m/z 544 ( Fig. 3B) and 550 ( Fig. 3C) , indicating the presence of DCB and DCB-d6, respectively, in the sample. The lack of interferences in Fig.  3 demonstrates the superb selectivity of the method, making it suitable for the determination of DCB in wastewaters at low µg/L levels. While traces of DCB, at 0.013 and 0.032 µg/L, were also detected in the wastewater samples collected from two metal plating companies (B and C), samples from the other facilities of the same industry class (D and E) showed non-detectable amounts of DCB. 
